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Evolution of TNF Signaling Mechanisms:
JNK-Dependent Apoptosis Triggered by Eiger,
the Drosophila Homolog of the TNF Superfamily
sion in imaginal discs with a pronounced pattern in the
eye.
Like a subset of human TNF ligands [3], Eiger can
induce caspase-dependent apoptosis. Targeted ex-
pression of Eiger in the eyes and wings of Drosophila
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CH-8057 Zu¨rich causes a severe ablation of these organs (Figures 2A,
Switzerland 2B, and 2E), and Eiger-expressing cell clones are rapidly
2 Department of Molecular Oncology eliminated (Figures 2J and 2K). Both of these effects
Genentech can be suppressed by coexpression of the pan-caspase
South San Francisco, California 94080 inhibitor p35 [6] (Figures 2C, 2F, 2G, and 2L).
Caspase-8 is the key initiator caspase of death ligand-
induced apoptosis in mammals [3]. Upon stimulation by
TNF, the adaptor protein FADD recruits and aggregates
Summary
several molecules of procaspase-8 that mutually cleave
and activate each other [7]. Due to the involvement of
Much of what we know about apoptosis in human cells
an extracellular ligand, this pathway has been referred
stems from pioneering genetic studies in the nema-
to as the “extrinsic death pathway” [3, 7]. DREDD is the
tode C. elegans [1, 2]. However, one important way in
Drosophila caspase most similar to caspase-8 and haswhich the regulation of mammalian cell death appears
been shown to physically interact with Drosophila FADDto differ from that of its nematode counterpart is in the
[8–11]. Surprisingly, we found that complete removal ofemployment of TNF and TNF receptor superfamilies [3,
DREDD function failed to block Eiger-induced apoptosis4]. No members of these families are present in C.
(Figure 2I), indicating that Eiger triggers cell death by aelegans, yet TNF factors play prominent roles in mam-
DREDD/caspase-8-independent pathway.malian development and disease [1, 3]. Here, we de-
Another pathway activated by mammalian TNF deathscribe the cloning and characterization of Eiger, a
factors is the JNK pathway [3], although its role in induc-unique TNF homolog in Drosophila. Like a subset of
ing apoptosis upon TNF signaling is less well definedmammalian TNF proteins, Eiger is a potent inducer of
[12–15]. JNK signaling in Drosophila is reflected by theapoptosis. Unlike its mammalian counterparts, how-
expression levels of puckered (puc), a gene encodingever, the apoptotic effect of Eiger does not require
a dual-specificity phosphatase that forms a negativethe activity of the caspase-8 homolog DREDD, but it
feedback loop by downregulating the activity of JNKcompletely depends on its ability to activate the JNK
[16]. We find that high levels of puc expression are in-pathway. Eiger-induced cell death requires the cas-
duced by Eiger (Figures 3F, 3G, 3J, and 3K). Due to itspase-9 homolog DRONC and the Apaf-1 homolog
function as a negative regulator of JNK, Puc can alsoDARK. Our results suggest that primordial members
be used as a powerful means to repress JNK activity ifof the TNF superfamily can induce cell death indirectly
overexpressed by a constitutive promoter that is noby triggering JNK signaling, which, in turn, causes
longer dependent on this activity [16, 17]. Coexpressionactivation of the apoptosome. A direct mode of action
of Eiger and Puc completely blocks Eiger activity, strik-via the apical FADD/caspase-8 pathway may have
ingly reverting the eye and wing phenotypes to wild-been coopted by some TNF signaling systems only at
type (Figures 3A, 3B, 3D, and 3E) and blocking Eiger-subsequent stages of evolution.
induced elimination of cell clones (Figures 3L–3N). We
observed, however, that forced expression of Puc does
Results and Discussion not prevent all forms of cell death. For example, when
tested in the situation of polyglutamine repeat-induced
Analysis of the Drosophila genome sequence reveals a neurodegeneration, which is also caused by apoptosis
single predicted transcript that encodes a type II mem- [18], coexpression of puc had no discernible protective
brane protein with structural similarities to members of effect (Figures 3H and 3I). Taken together, we interpret
the TNF superfamily (Figure 1A). We refer to this protein these results as firm evidence that Eiger induces the JNK
as Eiger, in memory of the numerous mountaineers that signaling pathway and that Eiger-induced apoptosis is
have been killed by the Eiger Nordwand, the “wall of critically dependent on JNK activity.
death” [5]. The Eiger protein contains a cytoplasmic Consistent with our interpretation, we find that several
domain, a transmembrane region between amino acid components of the Drosophila JNK pathway are rate
residues 36 and 62, and an extracellular domain of 353 limiting in mediating or preventing Eiger-induced apo-
amino acids (Figure 1A). The C-terminal TNF homology
ptosis. The removal of one wild-type copy of either
domain (THD) of Eiger shows comparable homology to
DTRAF1 (encoding the homolog of human TRAF2) [19,
several human TNF family members (20%–25% identity,
20], misshapen (encoding a Ste20 kinase that binds to
Figure 1B). In situ hybridization revealed a weak expres-
DTRAF1) [19, 20], or basket (encodes Drosophila JNK)
[20] suppressed Eiger-induced apoptosis (Figures 3P–
3R). Conversely, animals heterozygous for a mutation3 Correspondence: basler@molbio.unizh.ch
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Figure 1. Eiger Is a Member of the TNF Superfamily
(A) The predicted amino acid sequence of Eiger. The predicted transmembrane region (double underlined) and the C-terminal TNF homology
domain (THD) (underlined) are indicated.
(B) The sequence alignment of the THDs of Eiger and some members of the human TNF ligand family. Identical and homologous residues
are boxed and shaded, respectively.
in puc [16] display an enhanced phenotype (Figures termed the “intrinsic death pathway” [7]. Expression of
a dominant-negative form of the Drosophila caspase-93C, S).
The mechanism by which JNK signaling triggers cell homolog DRONC [21–25], comprising only the CARD
domain [22], fully blocked Eiger-induced apoptosis indeath in response to TNF is poorly understood in mam-
mals [12–15] and is unknown in Drosophila [17]. We a dose-dependent manner (Figures 4A–4C). Moreover,
genetic removal of DARK, the homolog of Apaf-1 [26–therefore wished to identify the apoptotic machinery
responsible for Eiger-induced cell death. Having ex- 28], suppressed Eiger-dependent phenotypes (Figure
4D). These results indicate that the presumptive Dro-cluded the caspase-8-like FADD/DREDD branch, we fo-
cused on the involvement of caspase-9, which repre- sophila apoptosome [25] is essential for the ability of
Eiger to induce cell death. In agreement with this conclu-sents another major pathway that leads to apoptosis [7].
The key event for caspase-9 activation is its association sion, we found that overexpression of Thread, the Dro-
sophila inhibitor of apoptosis protein 1 (DIAP1) [29]with the protein cofactor Apaf-1 to form an active com-
plex referred to as the apoptosome. Since many cell blocks Eiger function (Figure 4E). Thread/DIAP1 has
been shown to bind DRONC and target it for degradationintrinsic insults can trigger this pathway, it has been
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Figure 2. Eiger Induces Cell Death Indepen-
dent of the Caspase-8 Homolog DREDD
(A and B) Targeted Eiger expression in the
wing. (B) Low levels of eiger eliminate wing
margin structures, (A) while higher levels of
eiger ablate the entire organ.
(C) Coexpression of the pan-caspase inhibi-
tor p35 with Eiger suppresses the wing elimi-
nation phenotype (compare [A] and [C]).
(D) Targeted expression of p35 in the wing
has no discernible phenotype.
(E) Targeted expression of eiger in the eye
also causes organ ablation.
(F and G) Coexpression of p35 with Eiger su-
presses the eye elimination phenotype in a
dose-dependent manner (one copy of UAS-
p35 in [F], two copies of UAS-p35 in [G]).
(H) Ectopic expression of p35 in the eye
causes a subtle ommatidial disorganiza-
tion [6].
(I) DREDD is not required to mediate Eiger-
induced apoptosis. Targeted expression of
eiger in a dredd null mutant background.
(J–L) Clones of cells expressing a UAS-eiger
transgene are rapidly eliminated by apopto-
sis. (J) After 8 hr of clone induction, cells ex-
pressing eiger (marked by GFP expression
shown in white) can be seen throughout the
wing disc, (K) but they disappear completely
after 24 hr. (L) Coexpression of p35 impedes
the elimination of eiger-expressing clones.
Experimental Procedures[30]. Most instances of programmed cell death that have
been analyzed in Drosophila are triggered by, and re-
Expression of eigerquire, the genes reaper, hid, or grim [31], which encode The eiger gene maps to cytological position 46F. A full-length cDNA
small proteins that bind to and inactivate IAPs, such as clone of Eiger was isolated, sequenced (GenBank accession:
Thread/DIAP1 [32–34]. The removal of one copy of a AF521176), and used to generate a UAS transgene based on pUAST
[36]. Two different transformant lines were used, UAS-eig, represent-chromsosomal segment that includes the genes hid,
ing the average activity of our transgene insertions, and UAS-eigweak,grim, and reaper rescues eye ablation (Figure 4F), and
which shows only reduced activity. For eye and wing expression,Eiger induces a strong transcriptional activation of hid
the Gal4 drivers GMR-Gal4 [37] and C765-Gal4 [38], respectively,
(Figures 4G and 4H) and a weak activation of reaper were used.
(data not shown). These results suggest, therefore, that
Genetic InteractionsEiger/JNK signaling triggers DRONC by inactivating the
For the dredd experiments, alleles B118, F64, D44, D55, and L23IAPs via a transcriptional upregulation of hid.
were used, all of which are EMS-induced mutations presumed toUnlike the situation in mammals [3], Drosophila TNF
represent null alleles [8]. All alleles gave the same result when tested
appears to activate a linear pathway to induce apopto- in combination with GMR-Gal4 UAS-eig. Flp-out clones expressing
sis, involving JNK and the apoptosome as landmark eiger in discs, alone, and in combination with puc or p35 were
generated and marked as described in [17]. Df(2L)M24F-B was usedcomponents (Figure 4H). Thus, in Drosophila, the signal-
to remove one copy of the Drosophila TRAF1 gene. Alleles msn102,ing module formed by FADD and DREDD appears to
msn172, bsk1, bsk2, and pucE69 were used to assess the interactionsbe dedicated to signaling by the Toll/IMD system [11],
with the GMR-Gal4 UAS-eig genotype. For the identification of
whereas, in mammals, this “extrinsic” apoptotic path- downstream components of Eiger-induced apoptosis, the DARKCD4
way can be activated both by some members of the allele [28], UAS-DRONC-CARD [22], Df(H99), which removes hid,
grim, and reaper [39], and an EP insertion upstream of the DIAP1TNF superfamily [3] and by ligands of Toll-like receptors
locus thread (C. Ha¨usermann and K.B., unpublished data) were[35] (Figure 4H). We propose that, at some point during
used.vertebrate evolution, the Toll signaling modules, com-
prising at least the FADD/caspase-8 branch, but pre- Antibodies
sumably also the NF-B pathway, were coopted by Rabbit polyclonal antisera were generated and affinity purified.
Staining procedures and other primary and secondary antibodiessome members of the TNF/TNFR superfamilies (Figure
were used as described in [17].4H), expanding their ancestral function of JNK-mediated
induction of apoptosis. Other members of the mamma-
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Figure 3. The JNK Pathway Is Essential for Eiger-Induced Apoptosis
(A and B) (A) Organ ablation is completely blocked by (B) inhibiting JNK activity via coexpression of the JNK-phosphatase Puckered (Puc).
(C) Elimination of one copy of the endogenous puc gene enhances the phenotype of eiger overexpression in the wing (compare with Figure
2B).
(D and E) (D) The effect of targeted eiger expression in the eye can also be blocked by (E) coexpression of puc.
(F and G) ([F], anti-Eiger staining in green) Targeted expression of eiger in developing eye cells activates the JNK pathway, ([G], puc-lacZ in
red) as monitored by puc expression.
(H) Expression of the polyglutamine-repeat protein Q-78 in the eye causes a neurodegeneration phenotype [18].
(I) Blocking the JNK pathway by coexpressing puc does not block the neurodegeneration phenotype.
(J and K) ([J], anti-Eiger staining in green) Targeted expression of eiger in the wing disc triggers the JNK pathway, ([K], puc-lacZ in red)
monitored by puc expression.
(L–N) Expression of puc abolishes Eiger-mediated cell elimination. (M) A total of 48 hr and (N) 60 hr after clone induction, cells coexpressing
eiger and puc are still present (marked by the lack of CD2 expression in green), (L) while cells expressing eiger alone have been eliminated
from the wing disc after 24 hr.
(O) eiger mRNA expression detected in the eye disc (posterior to the morphogenetic furrow) by in situ hybridization.
(P–R) Eiger-induced eye ablation can be partially suppressed by removing one copy of the (P) TRAF-1 gene, the (Q) basket (bsk) gene, or the
(R) misshapen (msn) gene. Conversely, the UAS-eiger phenotype is enhanced by eliminating one copy of the puc gene (S), similar to what
was observed in the wing (C).
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Figure 4. Requirement for the Apoptosome Components DARK and DRONC in Eiger-Induced Apoptosis
(A) Eye ablation caused by targeted Eiger expression.
(B and C) Coexpression of a dominant-negative form of DRONC, containing only the CARD domain, blocks Eiger function in a dose-dependent
manner.
(D) The darkcd4/darkcd4 mutant background strongly suppresses the Eiger-induced eye ablation phenotype. DARK is the Drosophila homolog
of Apaf-1.
(E) Coexpression with DIAP1 also blocks Eiger-triggered apoptosis.
(F) Eiger-induced eye ablation can be partially suppressed by removing one copy of the genes hid, grim, and reaper using DfH99 [39].
(G) Normal expression of hid mRNA in the eye disc as revealed by in situ hybridization.
(H) Targeted expression of eiger upregulates hid expression.
(I) Proposed model for the evolution of TNF signaling mechanisms (see text).
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